Introduction {#s0005}
============

Many industries such as textile, plastics, paper and pulp generate streams of waste effluents which contain considerable amount of organic dyes [@b0005; @b0010; @b0015]. When these compounds are discharged to the main water bodies without any prior treatment, they can cause havoc to the ecological balance in the environment as these molecules have carcinogenic and mutagenic properties towards aquatic organisms and thus pose threat to human life at the end of the food chain [@b0020; @b0025].

Heterogeneous photocatalysis has been considered as a cost-effective alternative as pre- or post-treatment of biological treatment process for the purification of dye-containing wastewater [@b0030; @b0035; @b0040; @b0045; @b0050]. Among the available catalysts, ZnO finds wider application because of its availability, stability, low cost, and favorable band gap energy [@b0055]. However, problems with the use of ZnO powders are also well recognized; specifically, (a) the difficulty in separating the powder from the solution after reaction is complete, (b) aggregation of particles in suspension, especially at high loadings, and (c) difficulty in application to continuous flow systems [@b0060]. For these problems, various methods of photocatalyst particle support have been investigated such as alumina, zeolite, silica gel, fiber optic cable, glass beads, quartz, stainless steels, clays and activated carbon [@b0065; @b0070; @b0075; @b0080]. In particular, activated carbon (AC) has been extensively researched as a support for heterogeneous catalysis [@b0085; @b0090; @b0095; @b0100; @b0105; @b0110; @b0115; @b0120].

The aim of this work was to study the mineralization of ACG dye by photodegradation in aqueous solutions using ZnO as a catalyst supported with activated carbon, and to study the comprehend role of the activated carbon on photodegradation mechanism.

Experimental {#s0010}
============

Materials {#s0015}
---------

Alizarin cyanin green (ACG) dye was purchased from E. Merck and the structure is given in [Fig. 1](#f0005){ref-type="fig"}. ZnO was supplied by May & Baker Ltd., Dagenham, England. AC was supplied by BDH, India. All the other chemicals and reagents were of AnalaR grade used as received. Deionized water was used for the preparation of all the solution and reagent.

Preparation of AC--ZnO mixture {#s0020}
------------------------------

The zinc oxide--carbon composite was prepared by infiltration of a suspension in ethanol of commercial ZnO on the activated carbon in a rotary evaporator under vacuum for 45 min. After the rotation, the ethanol was evaporated out. Bare ZnO was also used as a standard for comparison purposes. Before each experiment, the ZnO--AC mixture is activated and dried at 110 °C overnight.

Equipment {#s0025}
---------

High irradiation was performed with a UV-high pressure ("HEBER" photoreactor, model HIPR compact-MP-8/125/400) mercury lamp ($\lambda$~max~ = 365 nm:400 W). The X-ray diffraction pattern of the AC--TiO~2~ film was taken with an analytical (Model PW 3040/60) X-ray diffractometer using Cu Kα radiation. Concentration of dye was determined with Spectrophotocolorimeter (Systronics-115). The pH of the dye solution was measured by using digital pen pH meter (Hanna instrument, Portugal). A magnetic stirrer is used for the constant stirring of the solution.

Results and discussion {#s0030}
======================

Surface morphological studies {#s0035}
-----------------------------

SEM studies provide useful information regarding the surface morphology of the materials. The SE micrographs of the pure ZnO, pure AC and AC--ZnO mixture is shown in [Fig. 2](#f0010){ref-type="fig"}. SE micrographs of the ZnO particles are shown in flake shape and the particles are agglomerated ([Fig. 2](#f0010){ref-type="fig"}a). SE micrographs photograph of the pure AC exhibit porous in nature with grain boundaries ([Fig. 2](#f0010){ref-type="fig"}b). Moreover, SE micrographs photographs of AC--ZnO mixture clearly reveal the surface texture and porosity nature. Besides, the AC--ZnO particles can be roughly as flake shapes and they appear to be quite uniform with internal pores (porous structures) or holes, which was observed at higher magnification ([Fig. 2](#f0010){ref-type="fig"}c). The immobilization of ZnO in the carbon matrix partially blocked the porosity of the carbon surface, although the composite still displays a porous character with a relatively large pore volume and surface area. This suggests that the ZnO did not enter the inner microporosity of the carbon during the immobilization, remaining on the outer surface and most accessible (large) pores. Consequently, the pores of smaller sizes remained unblocked. Besides, due to the synthetic route followed in the preparation of the AC--ZnO composite no chemical bonding is expected between ZnO and the carbon support, it seems that there exists a weak interaction (likely charge transfer). Similar observations have been reported in literature for AC--TiO~2~ mixture [@b0120; @b0125; @b0130].

XRD measurement {#s0040}
---------------

To confirm the formation of AC--ZnO composite, XRD pattern has been observed for pristine CAC and 1:4 ratio of AC:ZnO mixture ([Fig. 2](#f0010){ref-type="fig"}d). The XRD pattern of the pure AC shows two broad diffraction peaks which can be indexed to (0 0 2) and (1 0 0) diffraction for typical graphite carbons. The clear and well-defined peaks at 31.6°, 34.2°, 36.2°, 47.4° and 56.6° (JCPDS 36-1451) are appeared in the nanocomposites which confirm the typical hexagonal wurtzite structure of ZnO particles in the XRD pattern of AC:ZnO mixture. Besides there was no AC peak in the XRD pattern of AC:ZnO mixture, this suggests that the crystal structure of ZnO particles has not modified due to the presence of AC [@b0135; @b0140; @b0145].

Effect of initial concentration {#s0045}
-------------------------------

Photo catalytic degradation studies on the extent of removal of ACG dye on ZnO at different initial concentrations in the presence of UV irradiation at room temperature (30 ± 1°C) are shown in [Fig. 3](#f0015){ref-type="fig"}. Similarly, the photo catalytic degradation of ACG dye was also carried out under same experimental conditions in the presence of AC. The extent of removal of the dye, in terms of the values of percentage removal of dye has been calculated using the following equation:$$\text{Percentage\ removal} = 100(C_{i} - C_{t})/C_{i}$$where *C~i~* is the initial concentration of dye (ppm) and *C~t~* is the final concentration of dye (ppm) at given time.

It was observed from the figure, that the percentage removal of dye both the presence and absence of AC decreases exponentially with the increase in the initial concentration of dye. This may be due to the immediate solute degradation, on the catalyst surface, compared to the relatively large number of active sites required for the high initial concentration of dye. This is also due to the fact that when dye molecules is increased the solution became more intense colored and the path length of photons entering the solution decreased thereby only fewer photons reached the catalyst surface. And therefore, the production of hydroxyl and super oxide radicals were limited. Hence, the percentage removal is decreased. At still higher concentration of the dye, the path length was further reduced due to coloration and the photo degradation was found to be negligible [@b0125].

Effect of irradiation time and kinetics of photo degradation {#s0050}
------------------------------------------------------------

The effect of irradiation time on the extent of removal of ACG dye was depicts in [Fig. 4](#f0020){ref-type="fig"}a. The degradation experiments by UV irradiation of ACG dye containing photo catalyst in presence and absence of AC follow pseudo-first-order kinetics with respect to the irradiation time (*t*). The following kinetic equation was used to study the kinetics of photo degradation of ACG dye.$$\mathit{\ln}(C_{o}/C_{t}) = k_{t}$$where *C~o~* is the initial concentration of dye solution (in ppm), *C~t~* the final concentration of dye solution of various time (in min.,) and *k~t~* is the first order rate constant for degradation of dye (in min^−1^).

The value of ln (*C~o~*/*C~t~*) is plotted against time (in min) and the plots were found to be linear. From the slope, the rate constants were calculated for the degradation of dye ACG in presence and absence of AC [@b0110; @b0115; @b0120].

The pseudo first order plot for the photodegradation of ACG in the absence and presence of AC by ZnO in UV light is shown in [Fig. 4](#f0020){ref-type="fig"}b. The pseudo first order rate constant (*k~t~*) (in min^−1^) for ZnO in the absence of AC is 0.0051 and in the presence of AC is 0.0465. The above data indicate that the photo degradation of dyes is more effective in the presence of AC.

Effect of dose of the catalyst {#s0055}
------------------------------

The effect of dose of the catalyst on the extent of removal of dye was shown in [Fig. 5](#f0025){ref-type="fig"}a. The percentage removal of dye increased exponentially with the increase in dose of the catalyst in the presence and absence of AC. This may be due to the increase in the availability of surface active sites. The effect of dose of the catalyst on the degradation rate was also studied and found that the rate of removal of ACG depends on the driving force per unit area, and in this case since, the initial concentration of dye (*C~i~*) was kept constant an increase in the dose of the catalyst will result in the increase in the surface area for photo degradation and hence, the percentage removal increases [@b0130; @b0135; @b0140; @b0145].

Effect of pH {#s0060}
------------

The percentage removal of dye linearly increases with the decrease in initial pH for photodegradation of ACG dye for both in the presence and absence of AC ([Fig. 5](#f0025){ref-type="fig"}b), which indicates that the acidic pH is found to be more suitable for the removal of ACG dye. This study showed that the degradation rate of ACG is strongly influenced by the solution pH. This may be due to the zero point charge of ZnO is known to be 6.25. Above pH 8.8, the surface charge of ZnO is negative and below 8.8, it is positive. ACG dye is an acidic dye that has negative charge in solution, which favors electrostatic interactions between the AC--ZnO surface and dye cation leading to the strong adsorption. These observations clearly demonstrates the significance of choosing the optimum degradation parameters to obtain high degradation rate [@b0090; @b0110; @b0115; @b0120].

Decolorization mechanism {#s0065}
------------------------

In this study we have shown that nature of a porous carbon used as a adsorbent and a support for immobilization of ZnO plays an outstanding role in the mechanism of ACG dye photodegradation. Compared to pure ZnO, AC--ZnO composite promotes the photodegradation of ACG and the rate of the process is also largely accelerated. The performance mostly depends on the textural and chemical features of the carbon. Indeed, although ZnO immobilization on the carbon support is carried out by physical mixture, measurement of pH~PZC~ suggests the occurrence of weak interactions between the carbon surface and the ZnO, which provokes the enhancement in the photodegradation of ACG [@b0150; @b0155; @b0160; @b0165; @b0170; @b0175; @b0180].

The removal efficiency (that in a porous catalyst encompassing both adsorption and photodegradation) was significantly enhanced with respect to the immobilization of ZnO on the porous carbon support, which boosts the photoactivity of pure ZnO. The increase in the rate constant upon irradiation can be ascribed to the preferential adsorption and surface concentration of the pollutant onto the carbon porosity, followed by a spontaneous transfer from the support to the ZnO surface, where it is more rapidly decomposed due to the large concentration gradient between the two solid phases ([Fig. 6](#f0030){ref-type="fig"}). In such a case, there seems to exist a synergistic effect in the composite due to the combination of the adsorption capacity of the carbon and the photoactivity of zinc oxide. In the absence of AC, ACG dye molecules must collide with the ZnO by chance, and remain in contact for the photocatalysis to proceed. When this is not achieved, the reactants or intermediate products will pass back into solution and can only react further when they collide with ZnO again. Similar observations about the synergic effect of activated carbon as additive to ZnO in the photodegradation of organic pollutants have been described in literature [@b0185; @b0190; @b0195; @b0200; @b0205].

Desorption studies {#s0070}
==================

After 90 min of photodegradation experiment, the residue of CAC--ZnO composite was separated and immersed in 4 mL of ethanol under ultrasonication for 20 min. Then the filtrate was collected and analyzed by UV--Vis spectrophotometer. The UV--Vis spectrum (figure not shown) of filtrate in ethanol solution does not show any significant peak corresponds to ACG dye (disappearance absorption peak), which confirms that the removal of color is due to photodegradation and not for adsorption. This result clearly illustrates that molecules of ACG that have been adsorbed and accumulated on CAC during the initial photocatalytic degradation are able to be transferred to ZnO where they are decomposed under irradiation. Continuous migration and subsequent photocatalytic oxidation on the surface of ZnO accelerated ACG removal efficiency greatly. This transfer occurs through the CAC--ZnO interface with the concentration gradient as the driving force.

From the above studies we conclude that the decolourization of ACG dye is due to photodegradation process not by pure adsorption and the enhancement of photodegradation efficiency is due to synergistic or cooperative effect.

Conclusion {#s0075}
==========

In this work, the photocatalytic degradation of ACG was studied. The findings can be summarized as below:•The ACG dye was successfully degraded by the UV/ZnO--AC and UV/ZnO system. The rate of degradation is high for the UV/ZnO--AC system than the UV/ZnO system, but no degradation was observed when the solution was exposed to UV radiation in the absence of ZnO.•The degradation rate for ACG under investigation is strongly influenced by the reaction pH. The degradation rate for the mineralization of dye was found to be lower at higher pH values and increases with reduced pH.•The UV/ZnO--AC system showed significant improvement in photoreactivity compared to UV/ZnO system. This is due the synergistic effect.
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